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FIN-BASED FIELD-EFFECT TRANSISTOR
WITH SPLI'T-GATE STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Patent Apphcatlon Ser. No. 61/815,231, tatled “SPLIT

MULTI-GATE FIELD-EFFECT TRANSISTOR” filed on
Apr. 23, 2013, which 1s hereby incorporated by reference in
its entirety for all purposes.

BACKGROUND

Technology scaling has led to the development of fin-based
field-etlect transistor (FET) structures as an alternative to the
bulk-Silicon (or bulk-S1) metal-oxide-semiconductor FET
structure for performance enhancements. The fin-based FET
utilizes a silicon fin to wrap the conducting channel, which
forms the body of the transistor. In effect, the gate electrode of
the transistor straddles or surrounds the fin. During operation,
current flows between the source and drain electrodes of the
transistor along the gated sidewall surfaces of the fin.

A consequence of FET device scaling 1s a requirement to
reduce operating voltages. The reduced operating voltages
are required because FE'T device scaling needs a relatively
thin gate dielectric layer to produce the desired electrical
characteristics in the scaled-down transistor. Although the
thinner gate dielectric provides a relatively large cutodfl fre-
quency band at high frequencies, the reliability of thinner gate
dielectrics becomes increasingly limited by time-dependent
dielectric breakdown (TDDB), hot carrier injection (HCI),
and negative bias temperature instability (NBTI) factors.
Without a reduction 1n operating voltage, the electrical field
impressed across the thinner gate dielectric during circuit
operation can be relatively high enough for dielectric break-
down to become a problem.

Integrated circuit designs may require both low operating
voltage FET's for their ability to operate at high frequencies,
and high operating voltage FET's for their ability to interface
with high voltage signals of auxiliary devices. However, inte-
grated circuit design techniques often increase the fabrication
cost and/or complexity by requiring additional process steps
along with additional substrate masking.

SUMMARY

A system and/or circuit 1s provided for a split multi-gate
field effect transistor, substantially as illustrated by and/or
described 1n connection with at least one of the figures, as set
forth more completely 1n the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Certain features of the subject disclosure are set forth in the
appended claims. However, for purpose of explanation, sev-
eral implementations of the subject disclosure are set forth 1n
the following figures.

FIG. 1 1llustrates a perspective view of a fin-based semi-
conductor device 1n accordance with one or more implemen-
tations.

FIGS. 2A and 2B show cross-sectional views of the fin-
based semiconductor device along multiple axes i FIG. 1
according to one or more implementations.

FIGS. 3A-3C show cross-sectional views of the fin-based
semiconductor device along a C-C' axis 1n FIG. 1 according to
one or more implementations.

10

15

20

25

30

35

40

45

50

55

60

65

2

FIGS. 4A-4C show multiple views of the fin-based semi-
conductor device with source/drain growth according to one
or more implementations.

FIG. 5 shows a circuit device 1n accordance with one or
more implementations.

DETAILED DESCRIPTION

It 1s understood that other configurations of the subject
disclosure will become readily apparent to those skilled in the
art from the following detailed description, wherein various
configurations of the subject disclosure are shown and
described by way of illustration. As will be realized, the
subject disclosure 1s capable of other and different configu-
rations and 1ts several details are capable of modification in
various other respects, all without departing from the scope of
the subject disclosure. Accordingly, the drawings and
detailed description are to be regarded as illustrative 1n nature
and not as restrictive.

In one or more implementations, a fin-based multi-gate
semiconductor device with a split-gate structure such that the
semiconductor device can support, among others, both low
operating voltages (e.g., core) and high operating voltages
(e.g., mnput/output) with the tlexibility of varying the lengths
of respective gate oxide regions based on one or more design
requirements (e.g., cut-oif frequency (1,), multiple reliability
factors).

In some 1mplementations, a semiconductor device based
on split multi-gate field-efiect transistor radio frequency
devices 1s provided. The semiconductor device includes a
substrate and a gate structure above the substrate and orthogo-
nal to a channel axis. The semiconductor device also includes
a semiconductor {in structure above the substrate along the
channel axis. The semiconductor also includes a gate oxide
region beneath the gate structure and in contact with the gate
structure and the semiconductor fin structure. The gate oxide
region has a first region with a first thickness and a first length.
The gate oxide region also has a second region with a second
thickness and a second length. The first thickness 1s greater
than the second thickness. The first region and the second
region are formed side-by-side along the channel axis.

FIG. 1 illustrates a perspective view of fin-based semicon-
ductor device 100 1n accordance with one or more implemen-
tations. Fin-based semiconductor device 100 includes sub-
strate 102 supporting a diffusion {in or semiconductor fin
structure 104. Gate structure 106 1s deposited over a portion
ol semiconductor fin structure 104 to form a gated channel
between source 108 and drain 110. In effect, gate structure
106 straddles or surrounds semiconductor fin structure 104.
During operation, current flows between source 108 and drain
110 along the gated sidewall surfaces of semiconductor {in
structure 104.

According to some implementations, gate structure 106 1s
formed using a poly-silicon matenial or a metal. Fin-based
semiconductor device 100 may be applicable to various tech-
nologies, including but not limited to, complementary metal-
oxide-semiconductors (CMOS), silicon-on-insulator (SOI),
Galllum-Arsenide (GaAs), and Silicon-Germanium (S1Ge).
Because the physical depictions in the figures should not be
interpreted as limiting, fin-based semiconductor device 100
may be applicable to double-gate transistors, tri-gate transis-
tors, all-around-gate transistors, and various other implemen-
tations of semiconductor devices with vertical structures
above substrate 102.

Fin-based semiconductor device 100 may be an n-type
metal-oxide-semiconductor (NMOS) structure or a p-type
metal-oxide-semiconductor (PMOS) structure. Fin-based
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semiconductor device 100 may include a semiconductor
layer (not shown) implanted in substrate 102. In some
aspects, the semiconductor layer may include wells and shal-
low trench 1solation (STI) regions.

In one or more 1implementations, substrate 102 1s a p-type
substrate made of p-type material. The p-type material may
be obtained by a doping process by adding a certain type of
atoms to the semiconductor 1n order to increase the number of
positive carriers (holes). Alternatively, substrate 102 may be
an n-type substrate.

In some aspects, an integrated circuit can be formed using,
multiple semiconductor fins along an axis that 1s orthogonal
with gate structures (or poly-silicon layers) running parallel
to one another across the integrated circuit. The intersection
of semiconductor fin structure 104 and gate structure 106 over
an active material deposited on substrate 102 forms a transis-
tor. As such, the itegrated circuit can be arranged as a grid
where multiple grid points represent this intersection.
Accordingly, each transistor can be located at a correspond-
ing grid point of the mtegrated circuit based on the spatial
relationship between semiconductor fin structure 104 and
gate structure 106. In this respect, the spacing between the
multiple semiconductor fins may define a fin pitch. Similarly,
the spacing between the gate structures may define a gate
pitch.

In one or more implementations, oxide layer 112 1s dis-
posed above substrate 102 and 1n contact with semiconductor
fin structure 104 and gate structure 106 to separate gate struc-
ture 106 from substrate 102. Fin-based semiconductor device
100 1s not limited to the implementation shown in FIG. 1, and
can be implemented with various configurations and struc-
tures.

FIGS. 2A and 2B show cross-sectional views of fin-based
semiconductor device 100 along multiple axes 1 FIG. 1
according to one or more implementations. Referring to FIG.
2 A, across-sectional view of fin-based semiconductor device
100 along an A-A' axis 1s provided. As shown 1n FIG. 2A,
fin-based semiconductor device 100 includes gate oxide
region 202. Gate oxide region 202 includes first gate oxide
202A and second gate oxide 202B, which will be discussed 1n
turther detail below. Epitaxial structures can be found on
distal ends of semiconductor fin structure 104. Depending on
implementation, current flows between the source and drain
portions of semiconductor fin structure 104. In some aspects,
semiconductor {in structure 104 can have a relatively thin
width when compared to a width of gate structure 106. A
width of gate structure 106 “w_” may be parallel to the chan-
nel axis. A width of semiconductor fin structure 104 “w/” may
be perpendicular to the channel axis.

Gate oxide breakdown, also known as oxide rupture or
oxide punch-through, refers to destruction of gate oxide
region 202. The gate oxide breakdown results from a build-up
of defects inside gate oxide region 202 which eventually leads
to a creation of a conductive path 1n gate oxide region 202
from gate structure 106 to semiconductor fin structure 104.
For example, a hot carrier effect may cause the defects inside
gate oxide region 202. The hot carrier effect refers to an etfect
ol high energy carrier electrons and/or carrier holes generated
as a result of impact 1onization at the channel region. These
high energy current carriers may leave the substrate 102 and
may, upon reaching a suificiently high level of energy, tunnel
into gate oxide region 202 to cause the defects.

The gate oxide breakdown commences by the formation of
the defects 1n gate oxide region 202. At first, the defects are
relatively small 1n number and do not form the conductive
path 1n gate oxide region 202. As the number of defects 1n gate
oxide region 202 increase, they eventually reach a point at
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which the conductive path forms in gate oxide region 202
causing a solft breakdown. Movement of electrons from semi-
conductor fin structure 104 to gate structure 106 via the con-
ductive path 1n gate oxide region 202 further heats up gate
oxide region 202, which further increases the current flow
through the conductive path. This increase 1n heat leads to
more defects 1n gate oxide region 202, thereby enlarging the
conductive path and/or causing new conductive paths to form
in gate oxide region 202. As a result of the enlarged the
conductive path and/or the new conductive paths, more
defects form 1n gate oxide region 202 eventually leading to a
hard breakdown of gate oxide region 202. The hard break-
down of gate oxide region 202 causes gate oxide region 202 to
melt resulting 1n one or more permanent conductive paths in
gate oxide region 202 from semiconductor fin structure 104 to
gate structure 106. In some aspects, gate oxide region 202
may be high-K matenial, nitrided-oxide, oxide, or any suitable
material that can tolerate TDDB, HCI, or NBTT factors

Fin-based semiconductor device 100 may be formed using
CMOS logic foundry technology. The CMOS logic foundry
technology may include one or more minimum design rules
corresponding to one or more operating voltages. The mini-
mum design rules represent minimum sizes ol components of
fin-based semiconductor device 100 and/or distances
between the components of fin-based semiconductor device
100 1n accordance with the CMOS logic foundry. The CMOS
logic foundry technology may include a specialized set of
minimum design rules, such as a first set of minimum design
rules for a low operating voltage process and/or a second set
of minimum design rules for a high operating voltage process
to provide some examples, for a corresponding operating
voltage. The low operating voltage process can be used for
lower power devices with thinner gate oxides when compared
with the high operating voltage process.

A multi-gate FE'T RF device may be formed with the
CMOS logic foundry technology using a combination of the
low operating voltage process and the high operating voltage
process. A gate oxide layer can be formed using a thick gate
oxide corresponding to the high operating voltage process.
Alternatively, the gate oxide layer can be formed using a thin
gate oxide corresponding to the low operating voltage pro-
cess. The thick gate oxide increases the breakdown voltage of
fin-based semiconductor device 100 when compared to the
thin gate oxide of the low operating voltage process. In some
aspects, the thin gate oxide of the low operating voltage
process may have a thickness of 2 A, whereas the thick gate
oxide of the high operating voltage process may have a thick-
ness of 4 A.

As shown 1n FIG. 2A, a split multi-gate architecture 1is
provided. Gate oxide region 202 includes a first region,
referred to as first gate oxide 202A, having a first thickness
and a second region, referred to as second gate oxide 202B,
having a second thickness. In some aspects, the first thickness
may be approximately equal to the thin gate oxide of the high
operating voltage process and the second thickness may be
approximately equal to the thick gate oxide of the low oper-
ating voltage process. The first thickness and the second
thickness may be predefined by the foundry.

In one or more aspects, first gate oxide 202A and second
gate oxide 202B are formed side-by-side along a channel axis
H-H' 1n gate oxide region 202 so that the length of first gate
oxide 202A and the length of second gate oxide 202B are
along the channel axis. A channel axis may be an axis extend-
ing between source 108 and drain 110. A channel axis may be
parallel to a channel and be formed between source 108 and
drain 110 during operation. The thickness of gate oxide
region 202 may be defined by a distance “d” between gate
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structure 106 and semiconductor fin structure 104. A distance
“d” may be perpendicular to the channel axis. As such, the
distance corresponding to the thick gate oxide 1s greater than
the distance corresponding to the thin gate oxide. In this
respect, the distance associated with second gate oxide 202B
may be greater than the distance associated with first gate

oxide 202A.

Referring to FIG. 2B, a cross-sectional view of fin-based
semiconductor device 100 along an B-B' axis 1s provided. As
shown in FI1G. 2B, fin-based semiconductor 100 includes gate
oxide region 202. Semiconductor fin structure 104 1s disposed
above substrate 102, and runs through gate structure 106. In
elfect, gate structure 106 straddles or surrounds semiconduc-
tor fin structure 104. That 1s, gate structure 106 can be formed
over and around at least three sides of semiconductor fin
structure 104.

In some aspects, gate oxide region 202 serves as an 1nsu-
lator between gate structure 106 and semiconductor fin struc-
ture 104. Gate oxide region 202 1s formed beneath gate struc-
ture 106 and 1n contact with gate structure 106. Gate oxide
region 202 can wrap partially around semiconductor fin struc-
ture 104 to separate semiconductor fin structure 104 and gate
structure 106. Gate oxide region 202 includes first gate oxide
202A and second gate oxide 202B. Fin-based semiconductor
device 100 also includes oxide layer 112 above substrate 102.
Gate oxide region 202 may be formed using a dielectric
material such as silicon dioxide (510,), though any suitable
material may be used. In some aspects, gate oxide region 202
may be high-K material, mtrided-oxide, oxide, or any suitable
material that can tolerate TDDB, HCI, or NBTT factors.

Fin-based semiconductor device 100 may be fabricated
using a 16 nanometer (nm) minimum design rule foundry
technology. However, fin-based semiconductor device 200
may be fabricated using any suitable minimum design rule
foundry technology without departing from the scope of the
subject technology.

Multiple transistor structures can be offered by semicon-
ductor foundries. In some aspects, the transistor structures
include, but not limited to, PMOS transistors and NMOS
transistors with high threshold voltage (Vt) or low Vt; thick
gate dielectric or thin gate dielectric; and various combina-
tions of the foregoing. It 1s further noted that transistor struc-
tures are oiten adapted for use in a “core’ region of a chip, or
in an “I/O” (Input/Output) or “peripheral” region of a chip.
FETs used 1n the core region can have thin gate dielectric
layers to operate at low operating voltages, whereas FETs
used 1n the I/O or peripheral regions can have relatively
thicker gate dielectric layers and operate at relatively higher
operating voltages. As explained 1n greater detail below, some
implementations may take advantage ol manufacturing
operations available in such existing processes to fabricate
new transistor structures.

Disclosed herein are structures of FETs having a unique
combination of properties, that are operable to interface with
relatively high voltage signals (similar to I/0 transistors), and
to simultaneously operate with relatively high cut-off fre-
quency bands (1) (similar to core transistors). It 1s noted that
{-refers to the frequency at which the small signal gain of the
transistor drops to unity.

Core transistors (e.g., transistors operating in the core
region) can switch at high speed but operate at low voltage,
whereas 1/0 transistors (e.g., transistors operating in the I/0O
region) can operate at high voltage but switch at lower speeds.
Compared to core transistors, FE'Ts in accordance with one or
more implementations advantageously receive high voltage
signals while switching at high speed. As compared to 1/O
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transistors. FETs 1n accordance with one or more implemen-
tations can switch at high speed while recerving high voltage
signals.

Another advantage of FETs 1 accordance with one or
more 1implementations, 1s that no additional process opera-
tions are needed to construct the transistor structures in accor-
dance with one or more implementations of the subject tech-
nology. In order to implement the transistor structures
according to one or more implementations, only newly
designed mask layouts may be needed to create the split gate
dielectric effective oxide thickness.

FIGS. 3A-3C show cross-sectional views of the fin-based
semiconductor device 100 along a C-C' axis in FIG. 1 accord-
ing to one or more implementations. Referring to FIG. 3 A,
fin-based semiconductor device 310 includes gate structure
106 disposed above substrate 102. Fin-based semiconductor
device 310 includes semiconductor fin structure 104 disposed
above substrate 102 and 1n contact with substrate 102. Fin-
based semiconductor device 310 also includes gate oxide
region 202 in contact with gate structure 106, 1n which gate
oxide region 202 has a first region with a first thickness and a
second region with a second thickness. In some aspects, the
second thickness 1s greater than the first thickness. Fin-based
semiconductor device 310 1s substantially similar to fin-based
semiconductor device 100 as described above, therefore, only
differences are to be described in further detail.

As shown 1n FIG. 3A, gate oxide region 202 includes first
gate oxide 202A and second gate oxide 202B. Here, the first
region thickness (or first gate oxide 202A) 1s less than the
second region thickness (or second gate oxide 202B). The
first region of the gate oxide region (or first gate oxide 202A)
may have a first dielectric constant and the second region of
the gate oxide region (or second gate oxide 202B) may have
a second dielectric constant. In some aspects, the second
dielectric constant 1s greater than the first dielectric constant
and the first region length 1s equivalent to the second region
length. For example, the length of L.~ ov7nhe  may be
substantially equivalent to the length of L - , 7= o377 ». In this
regard, fin-based semiconductor device 310 can experience a
relatively large cut-oif frequency band when second gate
oxide 202 A 1s associated with the low operating voltage while
receiving the reliability against certain gate oxide breakdown
factors (e.g., TDDB, HCI). In one or more implementations,
the first dielectric constant may be greater than the second
dielectric constant while the first region length remains the
same as the second region length.

First gate oxide 202A may have a thickness that 1s greater
than a thickness of second gate oxide 202B. As such, a portion
of gate structure 106 disposed above first gate oxide 202 A can
be ofiset from a portion of gate structure 106 disposed above
second gate oxide 202B. In this regard, both portions of gate
structure 106 are uniform in area. In some aspects, a top
surface of gate structure 106 remains uniform across the
length of gate oxide region 202 but the respective portions of
gate oxide region 202 are non-uniform 1n area.

(Gate oxide region 202 1s positioned beneath gate structure
106. Gate oxide region 202 may extend from a {irst side to a

second side of semiconductor fin structure 104 for a length of
L. .7 oxne Lhe length of gate oxide region 202 may be

represented as L7z oxipeLcare oxipe 1YL care oxipe 2
where L, »vine represents the length of gate oxide region

202, L, = ovinge 1 Tepresents a length of the first gate oxide
202 A, namely a first horizontal distance from first side 312A
of first gate oxide 202 A to second side 312B of first gate oxide
202A, and L5 = ovine » represents a length of second gate
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oxide 202B, namely a second horizontal distance from first
side 314 A of second gate oxide 202B to second side 314B of
second gate oxide 214B.

First gate oxide 202A may extend from first side 312A,
with respect to at least some of semiconductor fin structure
104, and above at least substrate 102 to second side 312B for
the length of L ,,~ 537ne - Second side 312B of first gate
oxide 202A may be positioned adjacent to and/or 1n contact
with first side 314 A of second gate oxide 202B to form an
oxide junction. Second gate oxide 202B may extend with
respect to at least some of semiconductor fin structure 104 to
second side 314B for the length of L 5 , 7+ o37n7= ». 1The length
of L, = oxrne ; Mmay be substantially equal to the length of
L5 oxipe »- I some aspects, the length of L. -~ ovine
may be different from the length of L -, OXIDE 2

From the discussion above, the CMOS logic foundry tech-
nology may include a specialized set of minimum design
rules, such as a first set of minimum design rules for the low
operating voltage process and/or a second set of minimum
design rules for the high operating voltage process to provide
a corresponding operating voltage. In some aspects, the
CMOS logic foundry technology may include a first set of
mimmum design rules for a low operating voltage process of
1.2V, also referred to as a 1.2V process, and a high operating
voltage process 01 3.3V, also referred to as a 3.3V process. In
some aspects, the CMOS logic foundry technology may
include a first set of minimum design rules for a low operating
voltage process of 0.9V, and a high operating voltage process
of 1.8V, also referred to as a 1.8V process. The low operating
voltage process can be used for lower power devices with
thinner gate oxides when compared with the high operating
voltage process using a thicker gate oxade.

The lengths of first gate oxide 202 A and second gate oxide
202B may depend on design requirements such as cutoff
frequency (1), time-dependent dielectric breakdown
(TDDB), and hot carrier injection (HCI). That1s, L5, 7= o370z
may be limited by TDDB, HCI and NBTI factors. In some
implementations, L 7~ oz may be the sum of the mini-
mum size feature of a thin gate oxide, represented as L5 -~
oxmpe 1, and a length of a thick gate oxide, represented as
L, 7= oxrore -. that minimizes the effects of TDDB, HCI and
NBTI for a given supply voltage (e.g., V ). In some aspects,
the amount of voltage applicable to gate structure 106 (e.g.,
V <) may be limited by the thin gate oxide thickness, gate
oxide material (e.g., S10,), and the reliability factors (e.g.,
TDDB, HCI, NBTI).

In some 1implementations, the ratio between a first length
referred to as the length of first gate oxide 202A 1n the first
region and a second length referred to as the length of second
gate oxide 202B 1n the second region varies depending on the
cut-oil frequency performance of fin-based semiconductor
device 310. In this regard, a thin oxide thickness can produce
a cut-off frequency band beyond 100 Gigahertz for an
advance complementary  metal-oxide-semiconductor
(CMOS) technology process such as 90 nm and below. Alter-
natively, a thick oxide thickness produces a cut-oif frequency
of less than 100 Gigahertz but with greater reliability com-
pared to the thin oxide thickness.

In some aspects, a first ratio of the first length to the second
length based on a first supply voltage 1s greater than a second
ratio of the first length to the second length based on a second
supply voltage if the first supply voltage i1s greater than the
second supply voltage. In one or more implementations, the
gate supply voltage (e.g., voltage applied to gate node of
transistor) 1s lower than the first and second supply voltages.

By way of illustration without limiting the scope of the
subject technology, 1f the supply voltage (e.g., V

DD)
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increases, the cut-oif frequency will decrease, such that the
length of the thick oxide thickness region 1s increased. In this
regard, the ratio of the thin thickness to the thick thickness
will decrease. Alternatively, 1f the supply voltage decreases,
the cut-oif frequency increases, such that the length of the thin
oxide thickness region 1s increased. Conversely, the ratio of
the thin thickness region to the thick thickness region will
increase. In some aspects, the minimum oxide region length
(of L, 72 oxrpe ) 18 20 nanometers for a 20 nm process,
and 16 nm for a 16 nm process. If the supply voltage can be
decreased, the oxide region length can be relatively decreased
as well.

As shown 1n FIG. 3B, fin-based semiconductor device 320
includes gate oxide 202. Gate oxide 202 includes first gate
oxide 202A and second gate oxide 202B. First gate oxide
202 A may extend along the C-C' axis from first side 322A to
second side 322B towards second gate oxide 202B {for the
length of L~ , = ovine (- I some aspects, the first dielectric
constant 1s equivalent to the second dielectric constant and the
first region length (or L 7= oxrne 1) 18 different from the
second region length (or L,/ + oxne »)- FOr example, the
length of L ;7= ox7n7 ; may be substantially greater than the
lengthot L7 oxzpE 2+ Leure oxmr » may be defined by the
distance between first side 324A and second side 324B. In
this regard, fin-based semiconductor device 320 can experi-
ence a relatively larger cut-ofl frequency band than FIG. 3A
when first gate oxide 202A 1s associated with the low oper-
ating voltage.

As shown 1in FIG. 3C, fin-based semiconductor device 330
includes gate oxide 202. Gate oxide 202 includes first gate
oxide 202A, and a second region, referred to as second gate
oxide 202B. First gate oxide 202A and second gate oxide
202B are substantially similar to first gate oxide 202A and
second gate oxide 202B as described above, therefore, only
differences are to be described 1n fturther detail.

Second gate oxide 202B may extend along the C-C' axis
from second side 334B to first side 334 A towards first gate
oxide 202 A for the length of L 5 , 7 53707 ». I sOmMe aspects,
the first dielectric constant 1s equivalent to the second dielec-
tric constant and the first region length (or L., 7= ox7nz 1) 18
different from the second region length (or L 7% ox7ne »)-
For example, the length of L ., »xv7/ne  may be substantially
less than the length of L4 7= o107 »- Lasre oxrne | May be
defined by the distance between first side 332A and second
side 332B. In this regard, fin-based semiconductor device 330
can experience a relatively smaller cut-off frequency band
than FIG. 3A when second gate oxide 202B 1s associated with
the high operating voltage.

FIGS. 4A-4C show multiple views of semiconductor
device 400 with epitaxial source/drain growth according to
one or more implementations. Fin-based semiconductor
device 400 1s substantially similar to fin-based semiconductor
device 100 as described above, therefore, only differences are
to be described 1n further detail.

Reterring to FIG. 4A, first raised terminal structure 402
referred to as either a source or a drain electrode, depending
on implementation, 1s disposed above and in contact with
semiconductor fin structure 104. The first raised terminal
structure 402 may be connected to gate structure 106 through
semiconductor fin structure 104. In an NMOS implementa-
tion, first raised terminal structure 402 may be implanted with
N+ matenal.

Second raised terminal structure 404 1s disposed above and
in contact with semiconductor fin structure 104. Semiconduc-
tor fin structure 104 extends 1nto second raised terminal struc-
ture, which 1s formed by in-situ doping during epitaxial
growth. First and second raised terminal structures 402 and




US 8,987,793 B2

9

404 can 1nclude at least one of the matenials such as n-type
dopants and Silicon Carbide (51C). The shape of the epitaxial
growth 1s not limited to the shape shown in FIG. 4A. Semi-

conductor {in structure 104 may have a length between O nm
and 100 nm.

In some aspects, semiconductor fin structure 104 can

include multiple semiconductor fin structures such that first
raised terminal structure 402 1s connected to a first semicon-
ductor fin structure (not shown) and second raised terminal
structure 404 1s connected to a second semiconductor fin
structure (not shown).

FIG. 4B illustrates a cross-section along the A-A' axis of
fin-based semiconductor device 400 according to one or more
implementations. In some aspects, gate structure 106 has a
respective width “w_” and semiconductor fin structure 104
may have a respective width “w,’, in which the respective
width of gate structure 106 1s greater than the width of semi-
conductor fin structure 104. Similarly, first raised terminal
structure 402 may have a respective width “w,” that 1s greater
than the respective width of semiconductor fin structure 104.
Further, second raised terminal structure 404 may have a
respective width “w.,” that 1s greater than the respective width
of semiconductor fin structure 104. A width of first raised
terminal structure 402 may be perpendicular to the channel
axis. Similarly, a width of second raised terminal structure
404 may be perpendicular to the channel axis.

FIG. 4C 1llustrates a cross-section along the B-B' axis of
fin-based semiconductor device 400 according to one or more
implementations. As shown 1n FIG. 4C, fin-based semicon-
ductor 400 1includes gate oxide region 202. Semiconductor fin
structure 104 1s disposed above substrate 102, and runs
through gate structure 106. In effect, gate structure 106
straddles or surrounds semiconductor fin structure 104. That
1s, gate structure 106 can be disposed over and around at least
three sides of semiconductor fin structure 104.

FI1G. 5 shows a circuit device 500 1n accordance with one or
more 1mplementations. The circuit device 500 includes a
semiconductor device and a second semiconductor device.
The semiconductor device includes a substrate 502, a gate
structure 506 above the substrate 502 and orthogonal to a
channel axis, a semiconductor fin structure 504 above the
substrate 502 along the channel axis, and a gate oxide region
beneath the gate structure 506 and in contact with the gate
structure 506 and the semiconductor fin structure 504. The
gate oxide region can have a first region (e.g., first gate oxide
202A 1n FIG. 2A)and asecondregion (e.g., second gate oxide
202B in FI1G. 2A) formed side-by-side along the channel axis.
The first region can have a first thickness (e.g., distance “d” 1n
FIG. 2A) and a first length (e.g., length L, 1n FIG. 3A).
The second region can have a second thickness and a second
length (e.g., length L, 1n FIG. 3A). The first thickness
can be greater than the second thickness.

The second semiconductor device includes the substrate
502, a second gate structure 516 above the substrate 502 and
orthogonal to the channel axis, a second semiconductor fin
structure 514 above the substrate 502 along the channel axis,
and a second gate oxide region beneath the second gate struc-
ture 516 and 1n contact with the second gate structure 516 and
the second semiconductor fin structure 514. The second gate
oxide region can have a first region and a second region. The
first region can have a first thickness and a first length. The
second region can have a second thickness and a second
length. The first thickness can be greater than the second
thickness. In some aspects, the first length of the semicon-
ductor device can be greater than the first length of the second
semiconductor device. For example, the first length of the
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semiconductor device can be L,»,shown 1n F1IG. 3A and the
first length of the second semiconductor device can be L,
shown 1n FIG. 3C.

In some aspects, a first ratio of the first length to the second
length of the gate oxide region i1s based on a first supply
voltage, and a second ratio of the first length to the second
length of the second gate oxide region 1s based on a second
supply voltage. The first ratio 1s greater than the second ratio
if the first supply voltage 1s greater than the second supply
voltage.

As used herein, the terms, chip, die, integrated circuit,
semiconductor device, and microelectronic device, are appli-
cable to the subject technology as these terms can be used
interchangeably 1n the field of electronics. With respect to a
chip, power, ground, and various signals may be coupled
between them and other circuit elements via physical, elec-
trically conductive connections. Such a point of connection
may be referred to as an input, output, mput/output (1/0),
terminal, line, pin, pad, port, interface, or similar variants and
combinations. Although connections between and amongst
chips can be made by way of electrical conductors, chips and
other circuit elements may alternatively be coupled by way
of, but not limited to, optical, mechanical, magnetic, electro-
static, and electromagnetic interfaces.

The terms metal line, trace, wire, interconnect, conductor,
signal path and signaling medium can be all related. The
related terms listed above, can be interchangeable, and appear
in order from specific to general. In the field of electronics,
metal lines are sometimes referred to as traces, wires, lines,
interconnect or simply metal. Metal lines, such as, but not
limited to, aluminum (Al), copper (Cu), an alloy of Al and Cu,
an alloy of Al, Cu and silicon (S1), tungsten (W), nickel (N1),
titanium nitride (TiN), and tantalum nitride (TaN) are con-
ductors that provide signal paths for interconnecting electri-
cal circuitry. Other conductors, both metal and non-metal are
available 1n microelectronic devices. Materials such as doped
polysilicon, doped single-crystal silicon (often referred to
simply as diffusion, regardless of whether such doping 1s
achieved by thermal diffusion or 10n implantation), titanium
(T1), cobalt (Co), molybdenum (Mo), and refractory metal
silicides are examples of other conductors.

Polycrystalline silicon 1s a nonporous form of silicon made
up of randomly oriented crystallites or domains. Polycrystal-
line silicon 1s often formed by chemical vapor deposition
from a silicon source gas or other methods and has a structure
that contains large-angle grain boundaries, twin boundaries,
or both. Polycrystalline silicon 1s often referred to as polysili-
con, or sometimes more simply as poly. It 1s noted that poly-
s1licon 1s commonly used to form the gate electrode of a FET.
An alternative use of polysilicon 1s as a sacrificial gate elec-
trode that 1s removed and replaced with a metal gate, or any
other suitable material, during the manufacturing process.

FET reters to a metal-oxide-semiconductor field eftect
transistor MOSFET). An n-channel FET 1s referred to herein

as an NFET. A p-channel FET 1s referred to herein as a PFET.
FETs that are formed 1n a bulk substrate, such as a silicon
waler, have four terminals, namely gate, drain, source and
body. FETs can be formed in SOI substrates, and other vari-
ous substrates with differential matenal types.

Effective oxide thickness refers to the thickness of a layer
of Silicon Dioxide (S10,) that 1s electrically equivalent to a
given thickness of a material having a given dielectric con-
stant. The thickness of the layer may refer to the distance
between the semiconductor fin structure and the gate struc-
ture. In many circumstances 1t 1s the electrical characteristic
of a dielectric layer (which 1s proportional to layer thickness/
dielectric constant) that 1s of interest rather than the actual
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physical thickness of the layer. Since there are a variety of
materials available for use as gate dielectrics, for the sake of
comparison, discussion of these gate dielectrics can be 1n
terms of a normalized value such as effective oxide thickness.
By way of example, since Hatnium Oxide (H1O,) has a
dielectric constant of 25 (compared to 3.9 for S10,), a 6.4 nm
layer of HIO, has an effective oxide thickness of 1 nm. In
other words, a high dielectric constant material can be elec-
trically equivalent to a thinner layer of lower dielectric con-
stant materal.

As used herein, “gate” may refer to an msulated gate ter-
minal of a FET. The physical structure of the gate terminal 1s
referred to as a gate electrode. In terms of the layout of an
integrated circuit, the gate electrode 1s the logical AND of the
polysilicon layer with the layer representing an active portion
ol the semiconductor surface.

Source/drain (S/D) terminals refer to the terminals of a
FET, between which conduction occurs under the influence of
an electric field, subsequent to the iversion of the semicon-
ductor surface under the influence of an electric field resulting
from a voltage applied to the gate terminal of the FET. Gen-
erally, the source and drain terminals of a FE'T are fabricated
such that they are geometrically symmetrical. With geometri-
cally symmetrical source and drain terminals, these terminals
can be simply referred to as source/drain terminals, and this
nomenclature 1s used herein. Designers often designate a
particular source/drain terminal to be a “source” or a “drain”
on the basis of the voltage to be applied to that terminal when
the FET 1s operated 1n a circuit.

The terms contact and via, both refer to structures 1n a chip
used for electrical connection of conductors from different
interconnect levels of the chip. These terms can describe both
an opening in an insulator in which the structure will be
completed, and the completed structure itself. For purposes of
this disclosure, contact and via both refer to the completed
structure.

Substrate, as used herein, refers to the physical object that
1s the basic workpiece transformed by various process opera-
tions 1nto the desired microelectronic configuration. A typical
substrate used for the manufacture of integrated circuits 1s a
waler. Walers, may be made of semiconducting (e.g., bulk
s1licon), non-semiconducting (e.g. glass), or combinations of
semiconducting and non-semiconducting materials (e.g., sil1-
con-on-insulator (SOI)). In the semiconductor 1ndustry, a
bulk silicon wafer 1s a very commonly used substrate for the
manufacture of imtegrated circuits.

In the semiconductor industry environment of foundries
and fabless companies, 1t 1s the foundries that develop,
specily and provide the physical structures that designers use
to implement their designs. Foundries provide manufacturing,
services to many fabless semiconductor companies, but to
operate profitably, they must optimize theirr manufacturing
processes to achieve high yields. Such optimizations typi-
cally require that limitations be placed on the variety of struc-
tures that can be produced by a particular manufacturing
process. Consistent with the foregoing, foundries typically
provide a limited set of transistor structures that are intended
to cover a broad range of circuit applications.

One or more implementations are performed by one or
more integrated circuits, such as application specific inte-
grated circuits (ASICs) or field programmable gate arrays
(FPGASs). In one or more implementations, such integrated
circuits execute instructions that are stored on the circuit
itself. The term ‘“integrated circuit” or “semiconductor
device” may include, but s not limited to, a design tool output
file as binary code encompassing the overall physical design
of the integrated circuit or semiconductor device, a data file
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encoded with code representing the overall physical design of
the mtegrated circuit or semiconductor device, a packaged
integrated circuit or semiconductor device, or an unpackaged
die. The data file can include elements of the integrated circuit
or semiconductor device, interconnections of those elements,
and timing characteristics of those elements (including para-
sitics of the elements).

The various 1llustrative blocks, elements, components, and
methods described herein may be implemented as electronic
hardware. Various illustrative blocks, elements, components,
and methods have been described above generally 1n terms of
theirr functionality. Whether such functionality 1s imple-
mented as hardware depends upon the particular application
and desi1gn constraints imposed on the overall system. Skilled
artisans may 1mplement the described functionality in vary-
ing ways for each particular application. Various components
and blocks may be arranged differently (e.g., arranged 1n a
different order, or partitioned 1n a different way) all without
departing from the scope of the subject technology.

The predicate words “configured to” and *“operable to” do
not imply any particular tangible or intangible modification
ol a subject, but, rather, are intended to be used interchange-
ably. In one or more implementations, a receiver configured
to recerve and process an operation or a component may also
mean the receiver being operable to recerve and process the

operation.

Terms such as “top,” “bottom,” “front,” “rear,” *“side,”
“horizontal,” ““vertical,” and the like refer to an arbitrary
frame of reference, rather than to the ordinary gravitational
frame of reference. Thus, such a term may extend upwardly,
downwardly, diagonally, or horizontally in a gravitational
frame of reference.

Phrases such as an aspect, the aspect, another aspect, some
aspects, one or more aspects, an implementation, the imple-
mentation, another implementation, some 1mplementations,
one or more implementations, an embodiment, the embodi-
ment, another embodiment, some embodiments, one or more
embodiments, a configuration, the configuration, another
configuration, some configurations, one or more configura-
tions, the subject technology, the disclosure, the present dis-
closure, other variations thereof and alike are for convenience
and do not imply that a disclosure relating to such phrase(s) 1s
essential to the subject technology or that such disclosure
applies to all configurations of the subject technology. A
disclosure relating to such phrase(s) may apply to all configu-
rations, or one or more configurations. Such disclosure may
provide one or more examples. A phrase such as an aspect
may refer to one or more aspects and vice versa, and this
applies similarly to other phrases.

Any implementation described herein as an “example™ 1s
not necessarily to be construed as preferred or advantageous
over other implementations. Furthermore, to the extent that
the term “include,” “have,” or the like 1s used 1n the descrip-
tion or the claims, such term 1s intended to be inclusive in a
manner similar to the term “comprise’ as “comprise” 1s inter-
preted when employed as a transitional word 1n a claim.

All structural and functional equivalents to the elements of
the various aspects described throughout this disclosure that
are known or later come to be known to those of ordinary skill
in the art are expressly incorporated herein by reference and
are mtended to be encompassed by the claims. Moreover,
nothing disclosed herein 1s imtended to be dedicated to the
public regardless of whether such disclosure i1s explicitly
recited 1n the claims. No claim element 1s to be construed
under the provisions of 35 U.S.C. §112, sixth paragraph,
unless the element 1s expressly recited using the phrase
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“means for” or, 1n the case of a method claim, the element 1s
recited using the phrase “step for.”

The previous description 1s provided to enable any person
skilled 1n the art to practice the various aspects described
herein. Various modifications to these aspects will be readily
apparent to those skilled in the art, and the generic principles
defined herein may be applied to other aspects. Thus, the
claims are not mtended to be limited to the aspects shown
herein, but are to be accorded the full scope consistent with
the language claims, wherein reference to an element 1n the
singular 1s not mtended to mean “one and only one” unless
specifically so stated, but rather “one or more.” Unless spe-
cifically stated otherwise, the term “some” refers to one or
more. Pronouns in the masculine (e.g., his) include the femi-
nine and neuter gender (e.g., her and 1ts) and vice versa.
Headings and subheadings, 1 any, are used for convenience
only and do not limit the subject disclosure.

What 1s claimed 1s:

1. A circuit device, comprising:

a semiconductor device comprising:

a substrate;

a gate structure above the substrate and orthogonal to a
channel axis;

a semiconductor fin structure above the substrate along
the channel axis; and

a gate oxide region beneath the gate structure and 1in
contact with the gate structure and the semiconductor
fin structure, the gate oxide region having a first
region with a first thickness and a first length, the gate
oxide region having a second region with a second
thickness and a second length, the first thickness
greater than the second thickness, the first region and
the second region formed side-by-side along the
channel axis.

2. The circuit device of claim 1, wherein the first length 1s
greater than the second length.

3. The circuit device of claim 1, wherein the second length
1s greater than the first length.

4. The circuit device of claim 1, comprising:

a second semiconductor device comprising:

the substrate;

a second gate structure above the substrate and orthogo-
nal to the channel axis;

a second semiconductor fin structure above the substrate
along the channel axis; and

a second gate oxide region beneath the second gate
structure and 1n contact with the second gate structure
and the second semiconductor fin structure, the sec-
ond gate oxide region having a first region with a first
thickness and a first length and a second region with a
second thickness and a second length, the first thick-
ness greater than the second thickness,

wherein the first length of the semiconductor device 1s
greater than the first length of the second semiconduc-
tor device.

5. The circuit device of claim 4, wherein a first ratio of the
first length to the second length of the gate oxide region 1s
based on a first supply voltage, wherein a second ratio of the
first length to the second length of the second gate oxide
region 1s based on a second supply voltage, and wherein the
first ratio 1s greater than the second ratio 1f the first supply
voltage 1s greater than the second supply voltage.

6. The circuit device of claim 1, wherein the first region of
the gate oxide region has a first dielectric constant and the
second region of the gate oxide region has a second dielectric
constant, wherein the first dielectric constant 1s equivalent to
the second dielectric constant.
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7. The circuit device of claim 1, wherein the first region of
the gate oxide region has a first dielectric constant and the
second region of the gate oxide region has a second dielectric
constant, wherein the first dielectric constant 1s greater than
the second dielectric constant.

8. The circuit device of claim 1, wherein the first region of
the gate oxide region has a first dielectric constant and the
second region of the gate oxide region has a second dielectric
constant, wherein the second dielectric constant 1s greater
than the first dielectric constant.

9. The circuit device of claim 1, wherein the gate structure
has a first width and the semiconductor fin structure has a
second width, the first width greater than the second width.

10. The circuit device of claim 1, comprising;:

a first raised terminal structure coupled to the gate structure
through the semiconductor fin structure; and

a second raised terminal structure coupled to the gate struc-
ture through the semiconductor fin structure.

11. The circuit device of claim 10, wherein the first raised
terminal structure has a first width and the semiconductor fin
structure has a second width, the first width greater than the
second width.

12. The circuit device of claim 10, wherein the second
raised terminal structure has a first width and the semicon-
ductor fin structure has a second width, the first width greater
than the second width.

13. A semiconductor device comprising;:

a semiconductor substrate of a first type;

a gate structure above the semiconductor substrate;

a semiconductor fin structure above the substrate along a

channel axis:

a gate oxide region in contact with the gate structure, the
gate oxide region comprising a first region having a
thickness and a length and a second region having a
thickness and a length, the first region thickness and the
second region thickness being different;

a first raised terminal structure of a second type coupled to
the gate structure through the semiconductor fin struc-
ture; and

a second raised terminal structure of the second type
coupled to the gate structure through the semiconductor
fin structure,

wherein the first region and the second region are formed
side-by-side along the channel axis.

14. The semiconductor device of claim 13, wherein the first

region thickness 1s greater than the second region thickness.

15. The semiconductor device of claim 13, wherein the first
region of the gate oxide region has a first dielectric constant
and the second region of the gate oxide region has a second
dielectric constant, wherein the first dielectric constant 1s
equivalent to the second dielectric constant and the first
region length 1s different from the second region length.

16. The semiconductor device of claim 13, wherein the first
region of the gate oxide region has a first dielectric constant
and the second region of the gate oxide region has a second
dielectric constant, wherein the first dielectric constant 1s
greater than the second dielectric constant and the first region
length 1s equivalent to the second region length.

17. The semiconductor device of claim 13, wherein the first
region of the gate oxide region has a first dielectric constant
and the second region of the gate oxide region has a second
dielectric constant, wherein the second dielectric constant 1s
greater than the first dielectric constant and the first region
length 1s equivalent to the second region length.

18. The semiconductor device of claim 13, wherein the
semiconductor device 1s formed using a logic foundry tech-
nology having a first operating voltage and a second operating
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voltage, the first operating voltage being less than the second
operating voltage, wherein the second region thickness is
associated with the second operating voltage and the first
region thickness 1s associated with the first operating voltage.
19. The semiconductor device of claim 13, wherein the first 5
type 1s p-type material and the second type 1s n-type material.
20. The semiconductor device of claim 13, wherein the first
type 1s n-type material and the second type 1s p-type material.
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